Persistent infection with hepatitis C virus (HCV) is a primary cause of several debilitating liver diseases, including chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma (11, 15, 27) . Approximately 170 million individuals are afflicted worldwide, and more than half are likely to develop severe liver disorders (50) . The current preferred treatment is pegylated alpha interferon administered with ribavirin (33, 34, 41) . Treatment, however, is poorly tolerated and of limited efficacy, with less than 50% of those individuals infected with the most prevalent genotype, HCV genotype 1b (HCV 1b), likely to respond. Recently, several new inhibitors of the virus-encoded RNA-dependent RNA polymerase have been identified, and clinical trials of anti-HCV inhibitors have already begun (7-10, 14, 21-23, 32, 35, 44, 48, 49) .
HCV chemotherapy must address the broad genetic diversity encountered in clinical settings (13) . HCV genetic variation is characterized both by numerous distinct genotypes and by a high degree of genetic diversity among the viruses circulating in infected individuals (16) . The latter arises in part from the error-prone mechanism of the gene product of the HCVencoded NS5B gene, the RNA-dependent RNA polymerase.
In the infected population this enzyme misincorporates nucleotides at an estimated rate of 10 Ϫ4 and thus provides an inherent mechanism to generate diversity among circulating variants within a patient (39) . Particular variants within the pretreatment virus population may show reduced sensitivity to a specific class of antiviral compound, can be selected by the drug regimen, and should cause the reemergence of the viral load, resulting in antiviral treatment failure. In clinical trials of antivirals with activity against HCV, it is therefore important to characterize the genetic diversity of the viruses within an HCVinfected individual prior to initiation of drug therapy and to monitor variants which arise during treatment. Clinical trials will be aided by simple cell-based assays that can be used to quantify the efficacies of drug candidates against a diverse panel of HCV variants which may arise during the course of therapy.
The advent of the HCV replicon enabled measurement of HCV subgenomic RNA replication in a cell-based format. HCV subgenomic RNA replication was first achieved with a specific genotype 1b sequence, con1, which conferred neomycin resistance through expression of a bicistronic neomycin resistance gene within the replicon (1, 31) . Subsequent study of HCV replication was modified through the characterization of "adaptive" mutations within replicon-encoded HCV sequences and isolation of "enhanced" cell lines (2, 17, 19, 24, 28-30, 36, 40) . Both developments increased the efficiency with which replication was established with laboratory-optimized HCV replicons. Replacement of the replicon-encoded neomycin re-sistance gene with nonselective reporter genes, such as those for luciferase and ␤-lactamase, enabled cell-based replication to better model persistent replication due to the absence of selective pressure to maintain the replicon copy while also increasing the sensitivity of the assay (36, 47) . Recently, cellbased replication of genotype 1a subgenomic replicons has been achieved, and additional compensatory changes which increase genotype 1a subgenomic replication have been described (3, 17, 18, 51) . Other developments include the use of of replicon-harboring Huh7 cells to quantify interferon sensitivity, isolation of mutant con1 replicons competent for replication in HeLa cells, and development of a novel genotype 2a subgenomic replicon (20, 26, 47, 53) .
In this work a transient cell-based assay was developed to evaluate clinical NS5B isolates for their replication fitness, their sensitivities to NS5B polymerase inhibitors, and the presence of compensatory residues that confer a replication advantage to drug-resistant mutants. We sequenced multiple NS5B isolates from several patients and noted genetic variation specific to the isolates of individual patients. We provide examples of patient-derived NS5B isolates that supported subgenomic replication, and the replication of the replicons of several of these isolates was comparable to that of the parental laboratory-optimized replicons. A mechanism-based nucleoside analogue targeted to the polymerase active site (7) was broadly active against a genetically diverse panel of isolates. Three nonnucleoside inhibitors of the polymerase which interact with distinct sites outside the catalytic center (8-10, 14, 32, 44-46, 49) showed variable inhibition. In addition, a mutation within the polymerase gene which conferred resistance to the nucleoside analogue in the con1 replicon but which impaired replication (35) also debilitated replication when it was introduced directly into clinical NS5B isolates, demonstrating that no compensatory residues were encoded within the genetically diverse backgrounds of these isolates to increase the replication fitness of mutants encoding this resistance mutation. This work characterizes the HCV subgenomic replication driven by NS5B sequences derived from multiple patients and uses a novel adaptation of the replicon system to quantify replication fitness and sensitivity to antiviral compounds and to assess the isolates for the presence of compensatory residues which facilitate replication fitness.
MATERIALS AND METHODS
Rescue and characterization of NS5B genes from the sera of patients and chimpanzees. Serum samples of patients chronically infected with HCV were the generous gift of M. Lucey and K. R. Reddy, Gastroenterology Division, University of Pennsylvania. These clinical samples were collected prior to 2001. Total RNA was isolated by using the QIAGEN RNeasy Mini kit, according to the manufacturer's instructions (QIAGEN, Inc. Valencia, CA). The RNA was used as a template for the reverse transcriptase reaction (Superscript II RT; Invitrogen Life Technologies, Carlsbad, CA), which was primed with a 34-nucleotide dA primer. Following reverse transcription, the reaction mixtures were heat inactivated at 65°C for 15 min and then digested with RNase H and RNAse T1 (Roche Applied Science, Indianapolis, IN) at 37°C for 20 min to remove RNA prior to PCR. Nested PCR was performed with an Expand High Fidelity PCR system (Roche Applied Science) and the following primers: primer PCR1, forward (5Ј-GAGGACGTCGTSTGCTGCTGCTCRATGTC) and reverse (34mer poly-dA), and PCR2, forward (5Ј-CGATATGATCACRCCATGCGCYGC GGA) and reverse (5Ј-AGCTCCCCGTTCACCGGTTGG). PCR products were cloned into pGEM-T (Promega, Madison, WI), and individual NS5B isolates were sequenced. A genotype was assigned on the basis of the closest sequence homology upon pairwise alignments with the NS5B sequences for genotype 1a H77 (GenBank accession no. AF009606), genotype 1b con1 (GenBank accession no. AJ238799), and prototype sequences for genotypes 2a through 6 (genotype 2a HCV HC-J6, GenBank accession no. D00944; genotype 2b HCV HC-J8, GenBank accession no. D10988; genotype 3a HCV NZL1, GenBank accession no. D17763; genotype 4a HCV ED43, GenBank accession no. Y11604; genotype 5a HCV EVH1480, GenBank accession no. Y13184; genotype 6a HCV EUHK2, GenBank accession no. Y12083). For genotypes 2, 3, 4, and 6, NS5B was rescued from infected chimpanzee sera (provided by Jens Bukh, National Institutes of Health). The methodology was the same as that described above, except that genotype-specific primers were designed on the basis of the published sequence of the known input virus. Primer sequences are available upon request.
Construction of chimeric replicons harboring NS5B isolates from chronically infected patients. The ␤-lactamase bicistronic subgenomic replicons of con1, BK, and H77 have been described previously (17, 36) . Briefly, all replicons contain an NS5A S232I "adaptive" mutation. BK encodes the additional NS3 "adaptive" mutations S196T and R470M, and H77 encodes NS3 "adaptive" mutations S196T and P470L (17) . Chimeric replicons with patient-derived NS5B genes were cloned by using a previously described strategy (17) which placed unique BclI and ClaI restriction sites flanking the NS5B gene. The replicon sequences were flanked at the 5Ј end with a T7 transcriptional start site and at the 3Ј end with an XbaI site. Plasmids were linearized by XbaI digestion, and RNA for transfections was generated with MEGAscript (Ambion, Austin, TX).
Description of NS5B isolates and chimeric replicons. For all isolates, at least six polymerase genes were cloned, sequenced, and compared to the reference sequences listed above. NS5B isolates tested in the replicon assay are designated with a patient sample number (ps), followed by an isolate number when more than one isolate from the same serum sample was analyzed. The genotypes of the isolates, determined as described above, are listed in Table 1 . All isolates were cloned in the genotype 1b con1 background. Selected isolates were also cloned and tested within the genotype 1a H77 background. NS5B isolates derived from infected chimpanzee sera are designated with the prefix cs, followed by the genotype and clone number.
Establishment of persistently replicating cell lines and analysis of replication. Transfections were performed by using the enhanced-replication Huh7-derived cell line MR2 and a DMRIE-C (Life Technologies, Rockville, MD) transfection protocol, as described previously (36) . On the morning following transfection, the cells were expanded and cultured for an additional 3 days. On day 4, the cells were collected, counted, and seeded into a 96-well Costar black-walled, clearbottom plate in the presence of 1 M clavulanic acid at a seeding density of 7,500 cells/well. Compounds were added immediately in an equal volume, thus adjusting the final clavulanic acid concentration to 0.5 M and the final dimethyl sulfoxide concentration to 1.0%. Cells harboring the nonreplicating GAA replicon (36) were analyzed at that time to verify that the background ␤-lactamase activity from the residual input RNA was undetectable. GAA is nonfunctional due to Asp-to-Ala substitutions within the active site of NS5B. Cells were incubated with an inhibitor for 2 days and analyzed as described below.
Analysis of ␤-lactamase activity. The medium was removed by aspiration, and the cells were stained for 2 h with CCF4-AM (Invitrogen Corp., Carlsbad, CA) in Dulbecco modified Eagle medium supplemented with 25 mM HEPES, pH 8.0. Fluorescence due to ␤-lactamase activity was quantified through excitation at 405 nm, followed by measurement of the emission at 460 nm with a CytoFluor 4000 fluorescence plate reader. Emission at 530 nm was measured to control for cell viability and plating efficiency, with a tolerance of Ϯ10% accepted. The background emission value, defined as the emission at 460 nm in the presence of 10 M 2ЈC-methyladenosine (a concentration greater than the 95% effective concentration [EC 95 ], which resulted in no blue cells), was subtracted from all values. The values of the emission at 460 nm for the con1 replicon were assigned a fitness value of 1, and the values for all patient-derived replicons were assessed in relation to the value for con1. EC 50 measurements were calculated by fitting the emission data as a percentage of that for the dimethyl sulfoxide control to a sigmoidal four-parameter fit function (minimum, maximum, slope, inflection point) by using Kaleidagraph software (Synergy Software, Reading, PA), as described previously (35) . Titrations were performed in triplicate, and the values were averaged. All titrations were repeated at least once in entirety with new transfections to further verify the reproducibilities. The EC 50 s for con1 are presented with their standard deviations, and the values for patient-derived isolates are compared in relation to the con1 values.
NS5B inhibitors. The nucleoside inhibitor 2ЈC-methyladenosine (7) was synthesized by ISIS Pharmaceuticals (Carlsbad, CA). The nonnucleoside benzimidazole inhibitor NNI 1 (45) was obtained from Frank Narjes (Istituto di Ricerche di Biologia Molecolare P. Angeletti [IRBM]), the nonnucleoside benzothiadiazine inhibitor NNI 2 (14) was purchased from Interbioscreen (Moscow, Russia), and the nonnucleoside thiophene inhibitor NNI 3 was obtained from Frank Narjes (IRBM).
Nucleotide sequence accession numbers. The novel NS5B sequences described in this work (see also the supplemental material) have been deposited in GenBank and assigned accession numbers AY973846 to AY973866. RESULTS NS5B sequences isolated from individual patients are genetically diverse and encode patient-specific variation. To examine the genetic variability of NS5B within individual patients, multiple isolates from serum samples of several patients chronically infected with HCV were sequenced. At least six isolates per patient were individually sequenced, and the sequence variability among these isolates is presented in Fig. 1 .
The ps2 sequences (genotype 1a) were the most heterogeneous of all patient isolate samples examined, and six sequences are presented to illustrate the degree of variation (Fig.  1, top) . Three types of sequence variations were noted. In one type all isolates from an individual patient encoded a pattern which appeared to be patient specific within that genotype. For example, all ps2 sequences encode S46 and L47, which do not usually appear among other genotype 1a sequences listed in GenBank and which more commonly appear among genotype 1b sequences. Similarly, the R81 and M82 pair in all genotype 1a ps3 sequences typically does not occur in other genotype 1 sequences but is found within some genotype 3 sequences (unpublished observations). In a second type of sequence variation, all sequences of isolates from a patient had one of two amino acids distributed equally at a specific position. For example, residue 242 of the ps1 isolates was distributed equally between C242 and S242. Finally, there was variation within individual isolates which may have been caused by the NS5B polymerase or, alternatively, by a reverse transcription-PCRinduced change. An example of this is the R451 in ps2-3, which was C451 in the other sequences of this patient. Interestingly, C451R in con1 has been implicated in benzothiadiazine resistance (46) .
Analysis of genotype 1b sequences present in GenBank suggests that Ͼ90% of these sequences are split into two major groups of A218, C316, and Q464 (ACQ), which appear in con1, and S218, N316, and E464, which appear in BK (Fig. 1,  bottom) . All genotype 1b sequences that we isolated were of the con1 ACQ type.
Patient-derived NS5B sequences support subgenomic replication. To quantify replication, the subgenomic replicon with the ␤-lactamase reporter was used in a cell-based assay to transiently measure replication. Isolates from the first three patient sets were tested for replication activity in both genotypically homologous and heterologous replicons ( Table 1) . The ps1 and ps2 isolates functioned in either replicon. In contrast, the ps3 isolates functioned only in the homologous 1a replicon. Interestingly, the activity of ps2-5 was greater in the genotypically heterologous 1b (con1) replicon than in the genotypically homologous 1a (H77) replicon. Studies with the ps4 and ps5 isolates were conducted only with the homologous 1b replicon; the activity of ps5 was more robust than that of the con1 replicon, while ps4 was approximately one-third as active as con1. Functional sequences were isolated from all serum samples tested, and the replication fitness of the sequences is summarized in Fig. 2 .
Patient-derived isolates are sensitive to both nucleoside and nonnucleoside inhibitors of NS5B. Cell culture assessment of sensitivity to inhibition by compounds has generally relied upon EC 50 s derived from laboratory-optimized con1 replicons (7-9, 35, 42, 43, 45, 46) . To extend these observations to patient-derived polymerases and to evaluate the differential responses among the isolates, sequences from all patients were tested for their sensitivities to a panel of four compounds. Four distinct NS5B inhibitor binding sites have been suggested by binding or resistance studies, and a compound known to interact with each of these four sites was selected. Only the most robust isolate of each patient was used in these sensitivity studies, and the results are summarized in Table 2 .
We previously showed that the nucleoside analogue 2ЈC-methyladenosine is an active-site inhibitor of con1 replication (35) . In the present studies all replicons were sensitive to this compound. The con1 replicon had an EC 50 of 1 M, and the EC 50 s of all patient isolates were essentially equivalent, as demonstrated for genotype 1a isolates in the left panel of Fig.  3 and genotype 1b isolates in the right panel of Fig. 3 .
The sensitivities of the isolates to antiviral compounds were further evaluated by using three nonnucleoside NS5B inhibitors which are thought to target distinct binding sites on NS5B. The benzimidazole compound NNI 1 inhibited replication (Fig. 4, left  panel) , but variable sensitivity among the isolates was observed. This was more pronounced among the genotype 1b isolates, which ranged from almost 7-fold more sensitive (ps5) to more than 10-fold less sensitive (ps4) than con1. The EC 50 A nonnucleoside benzothiadiazine compound, NNI 2, inhibited the replication of con1 (EC 50 , 11 M) but was poorly active against all the other replicons at 40 M, the highest concentration tested (Table 2 ). Solubility problems prevented FIG. 1. Sequence diversity among NS5B isolates isolated from patients chronically infected with HCV. The NS5B isolates were sequenced and their genotypes were evaluated as described in Materials and Methods. An amino acid sequence comparison was made with NS5B from H77 (genotype 1a) and con1 (genotype 1b). Those residues which differed between H77 and the genotype 1a isolates or con1 and the genotype 1b isolates are shown. NS5B of BK is included in the genotype 1b alignment for comparison. (Top) Residues which differ among genotype 1a NS5B isolates of patients ps2, ps3, and H77. ps2-2 encodes a frame shift, indicated by hyphens, and only those residues included up to the frame shift are included in the alignment. (Bottom) Residues which differ among genotype 1b NS5B isolates of patients ps1, ps4, ps5, and con1. Boxed residues are those positions for which analysis of the genotype 1b sequences in GenBank suggests separation into two groups. (Fig. 4, right panel) . Only BK (genotype 1b) responded differently, and it was fivefold less sensitive than con1. The robust replication of genotype 1b isolate ps1-4 in either the genotype 1a (H77) or genotype 1b (con1) replicon enabled us to address whether differences in the host replication complex affect sensitivities to these NS5B inhibitors ( Table 2 ). The sensitivities of ps1-4 to the nucleoside inhibitor 2ЈC-methyladenosine and two of the nonnucleoside inhibitors were nearly identical in either the genotype 1a or the genotype 1b replicon background, while the sensitivities to the nonnucleoside thiophene inhibitor showed only minor variances (twofold). Thus, the sensitivity of NS5B to these compounds is little influenced by the replicon background.
Assessment of clinical NS5B isolates engineered to encode a known resistance mutation. Antiviral therapy for HCV infection would benefit from a method that could be used to assess the replication fitness and compound sensitivities of variants which encode known resistance mutations. We addressed this by introducing a known resistance mutation directly into patient-derived NS5B sequences to evaluate its effects in the genetic background of that isolate.
We previously showed that the con1 replicon cultured in the presence of 2ЈC-methyladenosine developed resistance by selection for replicons that encoded NS5B S282T and that these replicons were debilitated for replication (35) . All our patient isolates encoded S282 and were sensitive to 2ЈC-methylad-
Replication fitness of chimeric genotype 1a and 1b replicons encoding patient NS5B isolates. Replication was measured as described in Materials and Methods, and replication levels were normalized to that of con1. The genotype of NS5B is indicated by color: blue for genotype 1a and green for genotype 1b. Solid bars represent a genotypically homologous replicon between the replicon backbone (NS3-5A) and NS5B. Hatched bars indicate a genotypically heterologous replicon between NS5B and the replicon backbone, with the color of the hatched bars representing the genotype of the polymerase. enosine. To characterize the effects of this known resistance mutation on sensitivity and replication fitness, we introduced S282T into selected genotype 1a and genotype 1b patient sequences. We also introduced S282T into the BK sequence to include an example of the SNE NS5B linkage group described above. Relative to the respective parental replicons, BK S282T, ps2-5 S282T, and ps1-4 S282T were all more debilitated than con1 S282T (Fig. 5) . Such low levels of replication made quantitative analysis difficult, and therefore, the relative levels of resistance to 2ЈC-methyladenosine could not be addressed.
The severe debilitation demonstrates that none of the polymerases tested carried innate variable amino acids which would restore fitness should this resistance mutation arise.
Non-genotype 1 NS5B isolates support weak replication in a genotype 1b background. To determine whether the robust con1 and BK replicons also provide a backbone for functional chimeric replicons of non-genotype 1 polymerases, NS5B of genotypes 2a, 2b, 3a, 4a, and 6a was rescued from infected chimpanzee sera and introduced into the con1 and the BK replicons.
Eight genotype 2b sequences were examined. All showed single-residue variations from each other, with the sequence of one isolate matching the sequence of the prototype genotype 2b isolate (unpublished observations). The latter sequence was selected for replicon studies. Sequence differences between the rescued and the prototype sequences are shown for the other genotypes (Fig. 6 ). Although numerous differences from the prototype sequences were detected, we noted two specific sequence differences among our isolates that were implicated in compound resistance (boxed in Fig. 6 ). The prototype for genotype 4a encodes T282, while the prototype for genotype 6a encodes L495. Resistance studies have implicated these residues in conferring resistance to the nucleoside inhibitor (35) and the benzimidazole NNI 1 inhibitor (45), respectively. The sequences we rescued from infected chimpanzee sera that encode S282 and P495. Representative polymerases for genotypes 2a, 2b, 3, 4, and 6 were cloned into the genotype 1b con1 background. We also compared a genotype 2b consensus NS5B sequence cloned into both the BK and the con1 NS3-5A backgrounds and found that the BK genotype 2b replicon showed greater fitness than the equivalent con1 chimera (data not shown). When the genotype 2 and 3 chimeras were assayed for replication fitness, low levels of replication were observed (Fig. 7) . Although replication was not sufficient to allow quantitative compound FIG. 5 . Patient isolates encoding 2ЈC-methyladenosine resistance mutation S282T are debilitated for replication. S282T was introduced by mutagenesis into NS5B of BK, con1, and patient isolates ps1-4 and ps2-5. RNAs of the parental and S282T mutant replicons were transfected into MR2 cells, expanded, and assayed as described in Materials and Methods. Replication of S282T mutants is shown as a fraction of that of their own parental S282 replicon normalized to that of con1, which had a fitness level of 1.
FIG. 6. Variability among NS5B isolates from infected chimpanzee serum. The complete sequences of multiple NS5B isolates from infected chimpanzees were determined. Positions which differ from those in the prototype sequences are shown. cs2a con is the consensus sequence generated among our rescued genotype 2a sequences. The boxed residues in the genotype 4a and genotype 6a alignments are the positions within con1 that conferred resistance to the nucleoside inhibitor 2ЈC-methyladenosine and the nonnucleoside benzimidazole inhibitor NNI 1, respectively.
FIG. 7.
Replication fitness of non-genotype 1 chimeric replicons. NS5B was rescued from HCV-infected chimpanzee sera of genotypes 2a, 2b, 3a, 4a, and 6a and cloned into the con1 replicon; cs2a and cs2b, however, were cloned into the BK replicon. RNA was transfected into MR2 cells and evaluated for replication, as described in Materials and Methods. Replication was normalized to that of con1, setting it to a relative fitness level of 1. For genotype 2a NS5B, the consensus sequence was generated and tested, while for genotype 2b, the rescued sequence matched the prototype sequence. Only one sample per genotype is shown, but all sequences shown in Fig. 6 were tested.
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DISCUSSION
Simple cell-based assays which measure the sensitivities and replication fitnesses of patient-derived NS5B sequences would aid with the clinical evaluation of antiviral compounds for the treatment of HCV infection. The present work describes the adaptation of ␤-lactamase replicons (36) for the assessment of patient-derived NS5B sequences in a transient assay. Clinical isolates of both genotypes 1a and 1b cloned into genotype 1a (H77) or genotype 1b (con1) replicons generated chimeras which replicated to levels comparable to those of the parental replicons. The replication assay described in this work enabled analysis of isolates for fitness and compound sensitivity in a short-term assay, prior to the development of any additional genetic diversity within replicon sequences which may occur upon long-term maintenance of replicon-harboring cell lines. Importantly, this method allows one to assess the effect of specific amino acid substitutions on replication or drug efficacy, which enables the direct comparison of two replicons which differ by a single residue. The use of a single cell line also eliminates differences in metabolism or compound uptake among clonal cell lines, either of which may complicate interpretation of the results.
The NS5B isolates of our individual clinical samples showed considerable sequence variability, with most of the variable residues predicted to reside along the outer surfaces of the thumb, fingers, and palm domains of NS5B (4, 5) , as shown for the genotype 1b isolates (Fig. 8) . Several of these variable positions occur at or near surface regions implicated in the NNI binding pockets. Given the error rate of NS5B polymerase (39), the high viral turnover rate (37) , and viral loads which can exceed 10 9 genomes per patient, variants that have altered sensitivities to compounds that bind at these sites will likely arise. Reduced replication fitness may limit the spread of such resistant viruses, and they may even be unnoticed unless drug treatment reduces the titer of the more prevalent, drug-sensitive viral population. If these resistant variants are debilitated, it may be that compensatory substitutions are required to restore fitness. It is useful, therefore, to have a means for the identification of sequences with reduced sensitivities to compounds of clinical interest.
One utility of the assay described in this work is that it enables patient-derived NS5B sequences to be directly evaluated for their sensitivities to HCV inhibitors. This was demonstrated with a panel of four compounds, each of which binds to one of the four known compound binding sites on the viral polymerase (Fig. 8) . All isolates were sensitive to the activesite inhibitor 2ЈC-methyladenosine, with only modest differences in EC 50 s. There was greater variability in the sensitivities to nonnucleoside inhibitors which target other binding sites on the polymerase. Given the structural constraints necessary to maintain the catalytic function of the active-site polymerase reaction, it is not surprising that greater variability in sensitivity to inhibition by compounds which bind outside the active site was observed. At least with these isolates, the variability in the response to a compound that binds at the NNI 1 site was most pronounced. Both genotype 1a and genotype 1b isolates showed reduced sensitivities to the NNI site 1 inhibitor relative to that of con1, and the spread in sensitivity between the most sensitive and the least sensitive genotype 1b sequences exceeded 70-fold. Our patient-derived NS5B sequences were all sensitive to the NNI site 3 inhibitor, with only modest differences in response. Interestingly, among the replicons tested the sensitivity of only BK differed, and it was fivefold less sensitive than con1. The responses to the benzothiadiazine NNI 2 inhibitor were poor, and reliable EC 50 s could not be determined due to poor compound solubility. Although these patient-derived polymerases show differential EC 50 s in the replicon system, due to the importance of pharmacokinetics, it remains to be determined how predictive of clinical efficacy the cell culture-derived values are.
A given resistance-conferring substitution in one strain may result in altered replication levels when it is present in different genetic backgrounds, as is likely encountered among isolates of individual patients. The transient replication assay enabled us to address this by engineering a known resistance mutation into a patient isolate and directly testing the isolate for fitness within the NS5B genetic background of the virus circulating in that patient. When ps1-4 S282T and ps2-5 S282T were engineered into ps1-4 and ps2-5, they both exhibited severely impaired replication compared to those of the respective parental replicons, demonstrating that no innate adaptability is encoded within either of these polymerases to overcome the deleterious effect of an S282T substitution on replication. In this model study, we engineered S282T into one of the more robust replicons for both a genotype 1a polymerase and a genotype 1b polymerase. Although we tested only one variant each, we recognize that a resistance-determining amino acid substitution may develop in any one of the patient's variants. NS5B sequences ps1 and ps2 supported replication in both the genotype 1a and the genotype 1b genetic backgrounds. Thus, there is no intrinsic block to a functional intertypic replicon, even though intertypic recombinant viruses are rare (25) . However, non-genotype 1 NS5B sequences did not support replication to quantifiable levels in functional genotype 1b replicons. We do not attribute this to a severe defect in the enzymatic function of the polymerases, because cloning, expression, and purification of NS5B from these sequences yielded active enzymes (Steve Carroll, personal communication). Recently, a description of NS5B cis-acting regulatory elements has been presented (52) . The results of the analysis of our patient sequences across the 5BSL3.2 cis-acting regulatory element are consistent with those of the previously the published analysis (52) , and a disruption of this element likely does not account for any low fitness observed. Because of the presence of low numbers of replicating cells for the genotype 2 and 3 chimeras, selection of clonal cell lines by use of a Neo r marker in place of ␤-lactamase may reveal novel adaptive substitutions suitable for these genotypes, as recently demonstrated for genotype 1a (51) .
We also note that only a minor number of sequence differences distinguish isolates ps2-5 and ps3-6, yet there was a pronounced biological consequence. Whereas both isolates supported replication nearly equivalently in a homologous genotype 1a backbone, ps2-5 supported replication better in a heterologous genotype 1b backbone. The positions which vary between these two isolates reside principally on the outer surfaces of the polymerase (5). It is reasonable to speculate that a small number of the positions which differ between ps2-5 and ps3-6 affect surface interactions critical for the establishment or maintenance of a replication complex.
Clinical development of human immunodeficiency virus reverse transcriptase and protease inhibitors required a means to identify and analyze resistant mutants which arose during treatment (6, 12, 38) . The high rate of random nucleotide misincorporation which is characteristic of HCV RNA-dependent RNA polymerase raises the concern that it will be necessary to monitor resistance during the clinical development of HCV inhibitors. The present work demonstrates a cell-based methodology useful for the characterization of the intrinsic genetic diversity of NS5B within chronically infected patients, the monitoring of novel variants during treatment, and the evaluation of the effects of specific mutations within patient isolates on the response to treatment.
